We have sought to apply the method of electron-spin resonance to gain information about the effects of ionizing radiations on desoxyribonucleic acid (DNA) and ribonucleic acid (RNA) as well as on their constituents and the enzymes which attack them. Earlier we applied this method to the proteins and their constituents. 1 The nucleic acids are believed to be the constituents in the genes which carry the information for constructing all living matter. These acids2 are long-chain polymers, the hydrolysis of which yields pyrimidine and purine bases, a pentose sugar, and phosphoric acid. Ribonucleic acid (RNA), found chiefly in the cytoplasm of the cell, upon hydrolysis yields phosphoric acid; the pentose sugar, Dribose; the pyrimidine bases, cytosine and uracil; and the purine bases, adenine and guanine. Desoxyribonucleic acid (DNA), found in the nucleus of the cell, upon hydrolysis yields phosphoric acid; a desoxypentose sugar; the pyrimidine bases, cytosine and thymine (5-methyl-uracil); and the purine bases, adenine and guanine. In some samples of DNA the pyrimidine base 5-methyl-cytosine is found. By partial hydrolysis the nucleic acid polymers can be broken down into the nucleosides, segments containing one of the bases and a sugar unit, or into the nucleotides, the more complete segments which contain a base, a sugar, and a phosphate unit.
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In the present study we have included the various constituent units obtained by partial as well as complete hydrolysis of the nucleic acids. However, our study is neither complete nor final. A knowledge of radiation effects upon these "patterns of life" is of sufficient importance to justify more extensive studies with the powerful method of electron-spin resonance.
The reader not familiar with the subjects of electron resonance can find descriptions of it in other, more lengthy works.3 It is sufficient to remark here that ionizing irradiations produce paramagnetic species within organic matter by separating electrons, normally paired in chemical bonds, in such a way that their electronspin moments and orbital moments are canceled. If the paramagnetic species is placed in a microwave cavity which is in a magnetic field of the proper magnitude, the unpaired electrons "resonate with" and absorb microwave radiation which is passed through the cavity. The proper field strength is given by the relation
where h is Planck's constant, v is the microwave frequency, f3 is the Bohr magneton, and g is the spectroscopic splitting factor. In most paramagnetic species, or free radicals, produced by ionizing radiations on most organic chemicals or biochemicals, g has a value very near that for the free electron, 2.0023.
The spectra shown in the present work are automatic recordings of the second derivatives of the actual resonance curves. The maximum peak of the second derivative curve coincides with that of the actual resonance, and the minimum on either side occurs at approximately the half-intensity points of the actual resonance. Thus the distance, in gauss, between the two minima represents the aproximate width of the resonance. All curves shown here were obtained at a microwave frequency of 9000 Mc./sec. and at room temperature. The samples were irradiated with y-rays from a kilocurie cobalt 60 source. A preliminary study was made with 50 kv. X-irradiated samples. Pyrimidine and Purine Bases. Figure 1 shows the resonance curves obtained from e-irradiated samples of the pyrimidine bases found in the side chains of the nucleic acid polymers. Thymine, found only in DNA, upon prolonged irradiation yields only a weak resonance. Its structure appears to arise from two sets of protons with unequal coupling. Probably one set is the methyl group protons. Because the resonance is weak and incompletely resolved, it is impossible to make a definitive assignment. The pattern resembles the stronger one for thymidine discussed later. It is interesting that the pattern for 5-methyl-cytosine is different from that of thymine. The chemical formulas for these two bases differ in only one attached group. The most pronounced feature of the 5-methyl-cytosine pat-
tern is the triplet with components of equal intensity, suggesting N14 coupling probably by the NH2 nitrogen. There are weaker components more widely spaced which resemble those for thymine, but these may arise from a second radical. Evidently the methyl group is either directly or indirectly responsible for the hyperfine structure in both these substances. Similarly, irradiated cytosine and uracil, which do not have the methyl group, have no resolvable hyperfine structure OH NH2
Cytosine in their resonances. Resonances obtained for thiouracil and for 2-thio-cytosine were similar to, but somewhat smaller than, those for uracil and cytosine.
The purine bases, adenine and guanine, gave -no -tInectahle-resonance after 'y-irradiation with doses of the order of 5,000,000 r. Furthermore, the signals obtained from the pyrimidine bases were much weaker than those obtained after comparable dosage from many other biochemicals, including most of the amino acids. Once formed, however, the signals are long-lived. This indicates that most of the electrons separated by the irradiation become quickly repaired. Because the pyrimidine and purine bases are highly conjugated molecules, the ionizing radia- The splitting per proton here is only 14 gauss, as compared with about 25 gauss found in the quintets in irradiated alanine and several other organic molecules. It is not possible to determine from the pattern alone which four of the several protons in the d-2-deoxyribose give rise to the splitting or what the specific form of the radical may be.
D-ribose gives a resonance entirely different from that of the d-2-deoxyribose. Its resonance is not symmetric but can be interpreted as a doublet of 17 gauss spacing, with its symmetry slightly marred by the resonance of a second radical. The pattern indicates significant coupling by only one proton.
Nucleosides. -The pyrimidine and purine bases are condensed with ribose or deoxyribose to form the nucleosides, the more complete constituent units of the nucleic acids. Figures 3 and 4 give resonance curves for various nucleosides. Thymidine, a constituent of DNA, is formed from thymine and d-2-deoxyribose. Its resonance is similar to that of thymine and shows no evidence for the d-2-deoxyribose pattern (compare Figs. 1 and 3) . We conclude that the unpaired spin is probably trapped in the thymine ring and that the large proton splittings arise, at least partly, from the methyl protons.
The hyperfine structure of thymidine, like that of thymine, is difficult to explain. The structures might possibly be interpreted as an incompletely resolved triplet of quartets arising from sets of two and three equivalently coupling protons. The set of three would presumably be the proton of the methyl group, which for both thymine and thymidine would have the reasonable coupling of 23 gauss each. Theoretical patterns based on this model are given in Figures 1 and 3 . They agree reasonably well with the observed structures. However, a large splitting of the order of 42 gauss each by two protons, as assumed in the calculations, is difficult to justify for thymine or thymidine. It is essentially the same as the triplet splitting observed in guanosine and desoxyguanosine (see Fig. 4 ), which is also difficult to understand. The resonance structure for thymine or thymidine might also be interpreted as arising from two different species of radicals, one giving a wide doublet with spacing of 84 gauss and with a quartet substructure having component spacing of 23 gauss, and the other giving the strong central doublet. Thus an unambiguous assignment of the components cannot be made at this time.
Except for some very weak outer components, cytidine gives an equal intensity triplet with component spacing of 10 gauss, similar to that found for 5-methylcytosine. An equal intensity triplet such as this would be caused by a single coupling N14 nucleus for which the spin is I = 1. However, it is not expected that N14 coupling could be resolved in these polycrystalline samples unless the large anisotropic p orbital coupling for the N is averaged out in some manner. If the splitting is caused by the N of the NH2 group, possibly the p orbital component in the coupling is greatly reduced by inversion, by torsional or other motions of the NH2 group. The observed isotropic coupling likely arises from an s orbital component in the orbital of the odd electron. The resonance of uridine is also a triplet of comparable spacing to that of cytidine, but the components are not of equal intensity. Figure 4 shows the resonances obtained from the nucleosides of the purine bases which are constituents of RNA (top curves) and DNA (lower curves). Guanosine and desoxyguanosine give the same resonance, a triplet with the approximate intensity ratios 1, 2, 1-those expected for two equally coupling protons. There are broad shoulders to the left of each peak which we cannot explain but which may result from an asymmetry in the g factor. The surprising thing is the large component spacing of 40 gauss, larger than that usually found for hydrocarbons in aliphatic hydrocarbon free radicals. In its base ring guanosine has only one CH proton, and it seems improbable that it would be strongly coupled to an unpaired electron migrating in the ring. Adenosine Adenosine has a molecular structure very similar to that of guanosine. The distinguishing difference in structure is that guanosine has an OH as well as an NH2 attached to its ring. The electron resonance of irradiated adenosine and desoxyadenosine have strong central peaks about 27 gauss in width, unresolved structure revealing at least three peaks. On either side, and about 42 gauss from the central peak, are similar but much weaker components. These outer peaks are stronger in the desoxyadenosine than in guanosine but in both are too weak to form the 1, 2, 1 intensity ratio with the central component, which would be expected for two equally coupling protons. It is possible, however, that the resonance is such a triplet and that the outer components are broader than the central component so that the true relative intensity is not revealed.
The related compound xanthosine was found to give a triplet resonance similar to that of guanosine when irradiated and observed under similar conditions. The resonances, of the nucleosides shown in Figure 4 were essentially unchanged after exposure to air for hours, and all were detected after air exposure of more than a week. which contain the phosphate group as well as the base and the sugar ring. We examined the ribo-mononucleotides-guanalytic, adenylic, cytidylic, and uridylic acids. The results are shown in Figure 5 . They are similar to, but not identical with, those obtained for the nucleosides. A strong central peak of about 25 gauss in width and with an incompletely resolved structure is obtained in all the samples.
Interestingly, guanylic acid yields a triplet structure with the intensity ratios 1, 2, 1 as expected from two equally coupling protons-and with a component The signals for the ribo-nucleotides shown in Figure 5 were obtained from samples irradiated and observed under vacuum. However, the resonances were again observed, not noticeably changed in form, after exposure to air for a week.
From the results we have obtained so far, it appears that the sugar ring influences radical formation or the nature of the nuclear coupling, even though the electron spin may be largely trapped in the base rather than in the sugar component. Compare the results for the deoxynucleotides in Figure 6 with the corresponding ribonucleotides in Figure 5 . Note, however, that the desoxyguanylic acid contains a calcuim salt which may alter the results in a qualitative manner. Further, the samples of the desoxy-and ribo-nucleotides were obtained from different companies and may differ significantly in purity.
Interestingly, the desoxyguanylic acid + Ca salt was the only nucleotide for which the resonance showed a rapid oxygen effect. Note that in Figure 6 on RNA in the cell might be altered considerably by the other chemicals in the cell. The Nucleic Acids.-The nucleic acids are polymeric chains of the nucleotides. Figure 7 shows the resonance of both RNA and DNA after 7,000,000 r dosage of gamma rays from the cobalt source. The samples were irradiated and observed in a vacuum at room temperature. The resonances of the two are essentially indistinguishable but are unlike those of their constituent nucleosides or nucleotides.
By comparison of the signals of measured samples which had been given 7 X 106 r with the signal of comparable strength from a known number of DPPH radicals, we were able to ascertain that approximately 2,000 ev were required to produce one R NA radical, or unpaired spin, in either DNA or RNA at room temperature. This is of the order of 20 times the dosage per unpaired spin required in many substances, including such amino acids as alanine.
There was no noticeable change of the signals of DNA or RNA after a period of 3 days in vacuum or in dry air. We conclude that there is no significant oxygen effect on the radicals which give rise to these signals. This DNA conclusion also applies to the nucleosides and nucleotides which were investigated, except for desoxyguanylic acid + Ca salt. Strong signals, unaltered in shape, were observed in the nucleosides and nucleotides after a week of exposure to dry air following irradiation. Because of their complex shape, the signals produced in the nucleosides and nucleotides are more difficult to compare with those of DPPH. They H > are generally stronger, but not an order FIG. 7.-Electron-spin resonance of 7-of magnitude stronger, than those of irradiated DNA and RNA with conditions as described for Fig. 1 .
the nucleic acids with the same dosage.
In contrast, those of pyrimidine or purine bases are weaker than those of RNA and DNA with the same dosage. In air saturated with water vapor, the resonance signals of the irradiated nucleic acids were found to decay to noise level in about 3 days. This implies that H20 may react with the radical R to produce a normal molecule ROH and atomic hydrogen, which could escape undetected through the lattice. Thus water, which, like oxygen, can hardly be eliminated from the living cell, could make radiation damage to certain molecules irreversible. Possibly water together with oxygen is necessary to destroy the resonance. Also, from the results on desoxyguanylic acid + Ca salt it appears that salt impurities may alter the oxygen effect. These points require further investigation.
Frank Patten and one of us (W. G.) are investigating the electron-spin resonances of nucleic acids irradiated at subroom temperature. We have already found that the nucleic acid signals are an order of magnitude stronger when the samples are irradiated and observed at 770 K. than at 3000 K. Although there is still a central peak comparable in shape to the signals of Figure 7 , the resonance at 770 K. has an observable structure spread over about 135 gauss. When the samples are allowed to warm to room temperature, the signals become considerably weaker and like those of Figure 7 .
Ribonuclease and Desoxyribonuclease.-We have included the proteins ribonuclease and desoxyribonuclease in this study because they are enzymes which are instrumental in breaking down the nucleic acid polymers. If thoroughly evacuated and irradiated and observed in a vacuum, they both give doublets of about 20 gauss separation, that found for many other proteins. The doublet is converted to a singlet upon exposure of the irradiated sample to air or oxygen. This effect is illustrated for desoxyribonuclease in Figure 8 from a peroxide radical formed from combustion of molecular oxygen with the radical originally detected in vacuum. Thus, in contrast to the nucleic acids, these enzymes, which catalyze their degradation, have a pronounced oxygen effect. Conclusions.-1. As evidenced by their resonance signals, the radicals produced by irradiation of DNA and RNA are different from those of any of their constitutents. This suggests that one cannot predict the radiation effects on the nucleic acids from studies of the mononucleotides.
2. The efficiency for production of detectable, long-lived radicals in the nucleic acids by ionizing radiations at room temperature is low. This is evidence for a rapid recombination of unpaired electrons and possibly, but not necessarily, for inherently high radiation resistance in the nucleic acids. Possibly electrons can thus be removed from, and restored to, the ir orbitals of the conjugated pyrimidine and purine groups without breaking the rings. It should be emphasized, however, that the radiation resistance of the nucleic acids is not proved. Bonds may be broken and new chemical species formed without the production of long-lived, detectable free radicals. 3. Probably the sharp peaking of the resonance of DNA and RNA is caused from exchange interaction between electron spins in different nucleotide units, and the broad base of the resonance from electrons trapped in units which are too isolated for exchange interaction to occur. Thus the shape of the resonance, as well as the low efficiency of production of long-lived radicals at room temperature, indicates possible electron mobility or semiconductivity in the ionized nucleic acids.
4. The absence of an oxygen aftereffect on the resonance of the nucleic acids and their constituents is in agreement with the experimental observation5 that oxygen must be present during the irradiation to increase the chromosome damage. A possible explanation for the apparent failure of oxygen to attack the radicals is that their unpaired electrons are trapped in the basic rings containing the electronegative nitrogens, which repel oxygen. 5. One possible mechanism for the pronounced oxygen effect upon chromosome damage when oxygen is present during the irradiation is that the oxygen captures, or assists in the capture of, electrons dislocated by the ionizing radiation in the nucleic acids to prevent their recombination. It would thus decrease the effectiveness of the inherent radiation resistance of the nucleic acids mentioned in paragraph (2) . Molecular oxygen is known to have a high affinity for electrons. Certain other impurities could also provide electron traps and thereby enhance the radiation damage. Oxygen might also combine with broken segments of the molecules to prevent the repair or recombination. Some form of rapid indirect action by oxygen evidently occurs.6
6. The decrease of the resonance signal with increase of temperature implies that thermal motions assist electron recombination and that under certain conditions fewer chromosome aberrations might occur if cells are irradiated at higher, rather than at lower, temperatures. This is not necessarily true, because the spin moments can be canceled by a pairing of the electrons in new chemical species as well as in the original ones, and the increase in temperature should aid the formation of new species. Because of the two opposing effects, there should be an optimum temperature for least damage. There are optimum temperatures observed7 for survival from radiation damage by certain cells, but we do not know whether they are related to the present observations. Obviously, temperature effects on the whole cell are very complex. 
